1. When Tetrahymena were deprived of nutrients 50% of the polysomes disaggregated within 20 min and 20% of the total RNA broke down in 2 h. Ribosomal RNA accounted for 75% of the RNA breakdown. 2. RNA labelled by a long incubation with ['4C]uridine was stable in growing cells and in the presence of actinomycin D, but broke down at the same rate as bulk RNA in starved cells. 3. The following substances inhibited the loss of RNA during starvation: cycloheximide (which inhibited both polysome disaggregation and protein synthesis), inhibitors of energy metabolism and puromycin (all of which caused polysome disaggregation and inhibited protein synthesis), and chloroquine and 7-amino-1 -chloro-3-L-tosylamidoheptan-2-one
['4C]uridine was stable in growing cells and in the presence of actinomycin D, but broke down at the same rate as bulk RNA in starved cells. 3. The following substances inhibited the loss of RNA during starvation: cycloheximide (which inhibited both polysome disaggregation and protein synthesis), inhibitors of energy metabolism and puromycin (all of which caused polysome disaggregation and inhibited protein synthesis), and chloroquine and 7-amino-1 -chloro-3-L-tosylamidoheptan-2-one ('TLCK') (neither of which affected polysomes or protein synthesis). 4. Starvation appears to activate a ribosome degradation mechanism that may involve lysosomal and non-lysosomal enzymes.
In many types of cell the total amount of et Kristiansen & Kruiger, 1979) . This may ribosomal material decreases during starvation (e.g. reflect a specialized mechanism that is not found for Munro, 1964) . In rat liver this decrease is partly due example in mammalian cells, but several other to an enhanced rate of ribosome degradation features of ribosome breakdown are similar in (Hirsch & Hiatt, 1966) . The mechanism of riboTetrahymena and mammalian cells. Thus starvation some breakdown remains obscure. The protein and causes a rapid disaggregation of polysomes to 80S RNA components turn over with similar half-lives in ribosomes (Klemperer & Rose, 1974) and leads to liver (Hirsch & Hiatt, 1966) and other tissues a decrease in RNA (Conner & Koroly, 1974 ; (summarized by Kristiansen & Kruger, 1979) , Kristiansen & Kruger, 1979; Eckert & Kaffensuggesting that the ribosome is degraded as a unit. berger, 1980) and total ribosomes (Hallberg & During starvation the proportion of ribosomes in the Sutton, 1977) . Cycloheximide prevents the run-down form of polysomes often decreases because the of polysomes in starvation (Klemperer & Rose, attachment of ribosomes to messenger RNA to 1974) and might therefore be expected to inhibit initiate protein synthesis is inhibited (summarized in ribosome breakdown. The effects of cycloheximide Clemens, 1980). As a result there is an increase in and other inhibitors have suggested possible mechthe proportion of free 80 S ribosomes and it has been anisms of ribosome destruction. proposed that these could be the target for destruction (Perry, 1973) . In certain circumstances the M amount of 80S ribosomes does not change when the rate of breakdown is altered and it has been Tetrahymena pyriformis (strain T) was cultured at suggested that degradation mechanisms act on the 280 C on an orbital shaker in a growth medium ribosomal subunits formed by dissociation of the consisting of 2% proteose peptone, 0.2% yeast 80S ribosomes Melvin et al., extract, 0.5 mM-CaCl2, 50#uM-MnCI2 and 50pM-1976; Melvin & Keir, 1978) . FeSO4. The cells were harvested while still in
In Tetrahymena pyriformis phosphorylation of a exponential phase (density 10 cells/ml) by rapidly specific protein in the 40S ribosomal subunit is chilling the culture with crushed ice and then correlated with ribosome destruction (Kristiansen centrifuging for 3min at 40C and 200g . The cells were washed by resuspension in ice-cold starvation Abbreviation used: Tos-Lys-CH2Cl, 7-amino-1-chloro-NaCI followed by centrifugation, and were finally medium, harvested (10 cells/ml) as before, and suspended in starvation medium at 280C to give a incubated in various media. Acid-insoluble material, density of approx. 10 cells/ml. For chemical deterprecipitated by mixing 1 ml of culture with 5 ml of mination aliquots of the culture were rapidly chilled 10% (w/v) trichloroacetic acid at 0OC, was colin ice and centrifuged for 3min at 40C and 1000g. lected by filtration on a glass-fibre disk (Whatman Protein was determined (Lowry et al., 1951) after GF/C). After drying the disk, radioactivity was the cells had been washed in ice-cold starvation measured in a liquid-scintillation system (efficiency medium. For RNA determination the cells were 66%, background 30d.p.m.). Essentially all of the washed twice by resuspension in 10% (w/v) triradioactivity was in the form of RNA as judged by chloroacetic acid at 40C, followed by centrifugation acid-solubility after hydrolysis with NaOH. for 10min at 1000g. Extracts prepared at 900C in Protein synthesis in vivo was measured by 5% (w/v) trichloroacetic acid were taken for the shaking 3ml of culture (approx. 105cells/ml) with orcinol reaction (Schneider, 1957) .
To measure the proportion of polysomes and 20 min intervals 0.5 ml samples were withdrawn into ribosomes the cells were harvested as above and 5ml of 5% (w/v) trichloroacetic acid containing lysed in medium A (5 mM-2-mercaptoethanol, 0.1% leucine and heated for 20min at 900C. 50mM-Tris/HCl, pH7.4, 100mM-KCl and 250mM-Radioactivity in the acid-insoluble material was sucrose) containing 5 mM-MgCl2, 0.2% Nonidet collected by filtration on glass-fibre disks and P40, 1% sodium deoxycholate and heparin (100,ug/ measured as above. ml). Samples of the lysate (0.2ml, equivalent to
To determine ATP, 30ml of cell suspension were 8ml of cell culture) were layered over 12ml non- placed in a special centrifuge tube (Hems et al., isokinetic gradients (Noll, 1969) of 10-50% (w/v) 1975) the upper part of which was separated by a sucrose in medium A containing 5 mM-MgCI2 (made capillary containing starvation medium from a lower by running 12 ml of medium A containing 5mM-bulb filled with 0.6 ml of 5% (w/v) trichloroacetic MgCl2 into a constant volume mixer containing 8 ml acid at 40C. The tube was immediately centrifuged of 50% sucrose in the same medium). The gradients for 30s at 40C and 800g (rav. 170mm) which were centrifuged for 2.5 h at 40C and 200000g in displaced the cells quantitatively into the lower bulb. an MSE 6 x 14 ml titanium swing-out rotor
The liquid in the upper part of the tube was (40000rev./min, ray 111 mm) and the distribution of discarded and the trichloroacetic acid together with material that absorbed at 254nm was analysed by the cells were transferred by Pasteur pipette to an pumping the gradient from the bottom of the tube all-glass homogenizer in which the cells were broken through a u.v. spectrophotometer (LKB Uvicord) up. The volume of the homogenate was adjusted to connected to a linear-output chart recorder. The 1.75 ml with 5% (w/v) trichloroacetic acid, the peaks of monomeric ribosomes, large and small acid-insoluble material was removed by centrifugasubunits are designated 80S, 60S and 40S retion, and the supernatant was extracted five times spectively. with 2.5 ml of diethyl ether. Aliquots diluted 20-fold To measure the distribution of the bulk species of with 0.1 M-Tris/HCI (pH 7.4) were taken for ATP RNA on sucrose gradients the cells from 7 ml of determination by the luciferin/luciferase method as starvation medium were harvested by centrifugation described by Lundin & Thore (1975 somal RNA represented at least 75% of the RNA on + cycloheximide these gradients and it accounted for the major part (75%) of the decrease during starvation.
Breakdown ofradioactive RNA
Experiments with cells labelled with "14Cluridine suggested that there was little turnover of RNA (Fig.  3) . Growing cells lost little or no radioactivity in the initial 2-4 h period (i.e. before the growth rate became limited by cell density). In starvation medium the cells lost acid-precipitable radioactivity
80S
at approximately the same rate as RNA (in Table 1 ). All of the acid-precipitable radioactivity in these cell I' suspensions was intracellular because, in other 04 \6OS experiments, the values for cells collected by centrifugation were the same as for the unfractionated cell suspension. Cycloheximide (1 ,ug/ml) had no effect on the radioactivity of cells in growth The loss of radioactive RNA was measured in the starvation medium plus 1 ug of cycloheximide/ml presence of several other inhibitors. These were all (...-)was fractionated on 12 ml sucrose gradients.
Vol. 208 corresponding to the major RNA species of the were taken at intervals for determination of trilarge and small subunits are designated 26S and chloroacetic acid-precipitable radioactivity. The 17S respectively (Chi & Suyama, 1970 first 1-2 h of incubation (Fig. 4) . To provide a contrast with cycloheximide, inhibitors of energy metabolism and of protein synthesis were used to disaggregate the polysomes. Sodium azide (1.5mM), 2,4-dinitrophenol (2 mM) and puromycin (1 mM) all Table 2 compares the effects of cycloheximide caused a rapid fall in polysomes of cells in growth and other inhibitors on polysomes, ATP concenmedium (proportion after 20min approximately tration and protein synthesis. Also included are data same as after 60min; results not shown), but for the proteinase inhibitor Tos-Lys-CH2CI (30,UM).
contrary to expectation the radioactive RNA was Cellular ATP was decreased in all instances by the unchanged for at least 60min. Moreover, these inhibitors of energy metabolism (sodium azide and substances inhibited the loss of labelled RNA from dinitrophenol) but was actually increased in cells in cells in starvation medium, although the effect of starvation medium by cycloheximide and purodinitrophenol (tested at 1 mm since higher conmycin, and the common feature of these inhibitors centrations caused visible damage to cells in starwas that they all inhibited protein synthesis. By vation medium) may not be significant in these contrast, chloroquine and Tos-Lys-CH2Cl, both of circumstances (P<0.2). The inhibitor of lysosome which protected the RNA of cells in starvation function chloroquine (0.3 mM) had similar effects on medium, had little or no effect on polysomes or [14C1RNA (Figs. 4b and 4d) .
protein synthesis. Krechetova et al.. 1972 ) and a there is no proof that polysome disaggregation is an trypsin-like proteinase as has been found associated essential initial step because the inhibitory effect of with mammalian ribosomes (Korant, 1977 ; Lewis & cycloheximide on ribosome breakdown could be Sabatini, 1977) . Degradation may also depend on attributable to an inhibition of protein synthesis (see lysosome-related autophagic vacuoles which ingest below) rather than to the preservation of polysomes. cellular components in Tetrahymena during starThe inhibitor studies suggest mechanisms that vation (Levy & Elliott, 1968; Nilsson, 1970) . The may be involved in ribosome destruction. Several inhibitor studies do not distinguish between these different types of metabolic inhibitor prevented mechanisms. Thus Tos-Lys-CH2CI and the lyso-RNA breakdown in starved cells. Puromycin and somotropic agent chloroquine inhibit lysosomal inhibitors of energy metabolism increased polysome cathepsin B1 (Barrett, 1973; Wibo & Poole, 1974) , disaggregation but, like cycloheximide, all these but Tos-Lys-CH2Cl also inhibits the ribosomesubstances inhibited protein synthesis. Chloroquine, associated proteinase. Cycloheximide inhibits the an inhibitor of lysosomal function (de Duve et al., synthesis of a ribosome-associated ribonuclease that 1974) and Tos-Lys-CH2Cl, an inhibitor of proteohas been implicated in ribosome breakdown in yeast lysis, also decreased RNA breakdown although they (Swida et al., 1981) , but inhibitors of protein had little or no effect on protein synthesis or on synthesis also suppress autophagic mechanisms (see polysomes. RNA breakdown may therefore depend below). not only on ribonuclease-like enzymes but also on Ribosome breakdown in Tetrahymena shows an other enzymes that act on ribosomes either directly interesting resemblance to mammalian intracellular or as -part of a lysosomal digestion process. Any of protein breakdown insofar as the latter is stimulated by nutrient deprivation and suppressed by inhibitors of proteinases and of protein synthesis (Goldberg & St. John, 1976) . Protein digestion in autophagic vacuoles which form during starvation (Neely et al., 1977; is decreased by inhibitors of lysosomal cathepsins (Huisman et al., 1974; Dean, 1975; Knowles & Ballard, 1976; Hopgood et al., 1977; Seglen et al., 1979) and by inhibitors of protein synthesis (Knowles & Ballard, 1976; Hopgood et al., 1977; Amenta et al., 1977; Kovacs & Seglen, 1981) . Inhibitor experiments have also implicated non-lysosomal enzymes in protein turnover. In some instances these enzymes may inflict an initial critical cleavage that makes a protein susceptible to digestion by less specific mechanisms (e.g. Schimke, 1975; Segal & Doyle, 1978) . Progress towards defining the role of analogous systems for ribosome breakdown in Tetrahymena will require experiments with subcellular preparations.
